Abstract: We describe a Si-Ge-silica monolithic integration platform for telecommunications applications. The monolithic integration process features low-temperature silica film deposition by electron-cyclotron-resonance chemical vapor deposition to prevent thermal damage to Si/Ge active devices. The monolithically integrated Si and SiOx waveguides show propagation losses of 2.8 and 0.9 dB/cm, and the inverse-tapered spot-size converters show a coupling loss of 0.35 dB. We applied the platform to a 22-Gb/s Â 16-ch wavelengthdivision multiplexing receiver, in which a 16-ch SiOx arrayed waveguide grating (AWG) with 1.6-nm channel separation and Ge photodiodes (PDs) are monolithically integrated. The AWG-PD device exhibits fiber-to-PD responsivity of 0.29 A/W and interchannel crosstalk of less than À22 dB and successfully receives 22-Gb/s signal for all 16 channels. In addition, we demonstrate 40-km transmission of 12.5-Gb/s signal and obtain sensitivity of À6.8 dBm at a bit error rate of 10 À9 without transimpedance amplifiers.
Introduction
Towards the next generation of broad-band optical networks, often referred to as NG-PON2, revolutionary network technology is under discussion, and innovative cost-effective long-term solutions are required [1] - [3] . Among the many proposed systems, those based on wavelengthdivision multiplexing (WDM) are expected to offer flexible bandwidth allocation, which contributes to energy-efficient network operation [4] . A wavelength selectable receiver is a key component of such WDM-based systems. Recently, several WDM receivers with high capacity of up to several hundred gigabits per second have been developed by using a silicon (Si) photonics platform. The Si photonics platform is widely expected to provide small, cost-effective photonic-electronic integrated circuits with high-functionality. On the platform, wavelength filters must meet several severe requirements, including low insertion loss, low crosstalk, and insensitivities to polarization and temperature. Although several wavelength filters based on Si waveguides are reported [5] , [6] , they could not meet such requirements due to polarization and temperature sensitivities. We must carefully select waveguide materials. For example, silicon nitride (SiN) waveguides fabricated on the Si platform was reported [7] , [8] for the high performance wavelength filter. The monolithically integrated SiN arrayed-waveguide-grating (AWG) with germanium (Ge) photodiodes (PDs) showed the low loss and the high responsivity, but the large crosstalk, polarization sensitivity, and some thermo-optic effect still remained [8] . The most promising solution is to use silica waveguides, which have low loss, low polarization dependence, and a low thermo-optic coefficient. Planar lightwave circuits (PLCs) based on silica AWGs meet telecom requirements and have been used in existing optical telecommunications networks [9] , [10] . However, the high-temperature fabrication processes for the commercial silica PLC could not be used for the Si photonic platform because of thermal damages to Si/Ge active devices. To integrate the silica wavelength-filter with Si/Ge active devices, in previous work, we have developed a Si-Ge-silica monolithic photonic integration platform [11] , [12] . On the platform, low-loss and low-temperature-dependent silica passive devices and compact high-speed Si/Ge active devices are monolithically integrated with low-loss inverse-tapered spotsize converters (SSCs). The platform is suitable for the next generation of wavelength-selectable receivers. In this paper, we report the details of the Si-Ge-silica monolithic integration platform and its application to a broadband WDM receiver, which comprises a 16-ch silica-based AWG and 22-Gb/s Ge-PD arrays.
2. Si-Ge-Silica Monolithic Photonic Integration Platform Fig. 1(a) shows a schematic image of the Si-Ge-silica monolithic integration platform. Si waveguides, SSCs [13] , Ge active devices (i.e., PDs), and silica waveguides (i.e., AWG) are monolithically fabricated on a silicon-on-insulator (SOI) wafer. The monolithic integration process features a lowtemperature formation of silica waveguides using the electron-cyclotron-resonance (ECR) chemical vapor deposition (CVD), which prevents thermal damage to Si/Ge active devices. The ECR CVD enables us to control refractive indexes of Si-rich silica-based films (SiOx films) and silicon-oxynitride films (SiOxNy films) at 150 degrees Celsius [12] , because ECR plasma easily dissociates gas molecules. Table 1 shows the atomic percentages of the core-and clad-films of the SiOx-and SiOxNy-waveguides with refractive-index differences (deltas) of $2.9%. The atomic percentages were measured by Rutherford backscattering spectrometry (RBS), and we confirmed that the composition of the thermal-oxide film (reference) was precisely measured to be SiO 2:0 by the technique. The compositions of the SiOx core, the SiOxNy core, and the clad films were SiO 1:7 , SiO 1:8 N 0:2 , and SiO 2:0 , respectively. These results show that the refractive indexes of the silica-based films were successfully controlled by the atomic ratio of Si/O (N). Here, for the WDM devices, the SiOx core was used for most of the passive devices because it has lower optical absorption in the C-band than the SiOxNy core. In addition to the ECR-CVD, the monolithic integration process has the following features with respect to the formation of low-loss waveguides. First, Si cores and Si tapers in SSCs are fabricated using electron beam lithography and ECR plasma etching [11] . These processes provide low side-edge-roughness and small process damage to Si. Second, the Ge film is formed by selective growth on Si using ultrahigh-vacuum (UHV) CVD and post growth annealing [14] . This technique forms low-dislocation-density Ge-films without contamination to the waveguides. From a linear fitting of the averaged transmittance, the propagation losses of the Si and SiOx waveguides were estimated to be 2.8 and 0.9 dB/cm, respectively. The polarization depended propagation loss of the SiOx waveguides is typically less than 0.1 dB/cm [15] . Fig. 1(c) shows relationships between transmittance and the number of SSCs between Si and SiOx waveguides. In the measurement sample, several numbers of SSCs are connected between Si and SiOx waveguides, as shown in Fig. 1(d) . The size of the taper tip of the SSCs is 200-nm Â 80-nm, which shows a reflection ratio at the taper region of less than À40 dB [12] . The measurement results show that the coupling loss per SSC is 0.35 dB with TE mode light, which is low enough to meet severe telecommunications-grade requirements on the platform. We also measured a coupling loss with TM mode light. The TM-mode coupling loss per SSC is 0.31 dB. The inversed taper SSCs show the polarization insensitivities.
Application to Broadband WDM Receiver
In this work, we applied the platform to a broadband WDM receiver, which comprised 16-ch SiOx-AWG and 22-Gb/s Ge-PD arrays (22-Gb/s Â 16-ch). Fig. 2(a) shows a top view image of the AWG-PD device. The channel spacing of the AWG is 200 GHz (wavelength of $1.6 nm). The polarizationdepended wavelength shift ðPDÞ of the SiOx AWG due to a film stress could be compensated by a multi-layer core [15] . However, in this work, we used a single-layer SiOx core for a feasibility check of the integration process, so the AWG has a PD of $2.0 nm. The SiOx AWG is connected to Ge PDs through SSCs and Si waveguides, as shown in inset of Fig. 2(a) . The length of the Si waveguides was 100 m; therefore, their insertion loss was only about 0.28 dB, which was negligible in terms of the total loss of the AWG-PD chip. The cross-sectional view of the Ge PD on the Si waveguide is shown in Fig. 2(b) . We designed to reduce parasitic resistance at the n-Ge/ electrode interface because, in our previous work, the high n-Ge-contact resistance limited the operation speed to 1.25 Gb/s [11] . In this work, we used a Ti/n-Si contact film to prevent Fermi-level pinning and form an ohmic contact [16] . Here, the thickness of the Ge film was 1 m, and the Ge area was 10 m Â 50 m.
For the monolithic integration of Ge active devices with the Si and SiOx waveguides, we developed the following fabrication process for the AWG-PD chip: First, Si cores and Si tapers in SSCs were fabricated on the SOI wafer with a 3-m-thick buried-oxide and 200-nm-thick Si layer. Next, boron implantation and Ge selective growth for Ge PDs were performed. After the Ge growth, a thin Si film was deposited on the Ge surface to prevent the Ge film from being damaged during the CMOS process. After that, a SiOx film was formed by using ECR CVD for the SiOx AWG. The SiOx film was then etched to form cores for the AWG and SSCs, and phosphine was implanted into the Si/Ge layer on top of the Ge PD. After that, an over-cladding SiO 2 film was deposited and contactholes were formed. Finally, Ti/TiN/Al electrodes were formed. First, the performance of a stand-alone Ge PD with Si/SiOx waveguides was evaluated. Fig. 3 (a) shows current-voltage curves of the Ge PD in the dark and the illuminated state. Input light power was 1.26 mW at the SSC before the Ge PD. Dark current and photocurrent were 245 nA and 1.27 mA at a DC bias of À2 V. The responsivity of the stand-alone PD is estimated to be about 1.0 A/W at the entrance of the SSC. Although the responsivity includes the losses of the SSC and the 100-m-length Si waveguide, it is high enough for the WDM receiver. The relationship between photocurrent and wavelength is shown in Fig. 3(b) . Ge PDs show flat wavelength dependence in the C-band, and the polarization dependence of the power amplitude is less than 1.0 dB. The small wavelength and polarization dependence is suitable to the WDM receiver. The series resistance of the PD is estimated to be $ 140 by a linear fitting. This value is about ten times lower than that in the previous work [11] . The low parasitic resistance provides to reduce RC delay and improves the operation speed of the PD. The frequency response of the Ge PD is shown in Fig. 3(c) . The 3-dB cutoff frequency of the Ge PD at DC bias of À2 V was estimated to be about 20 GHz.
We evaluated performance of the monolithically integrated AWG-PD device. We input TE-mode light from tunable laser diodes (TLDs) into the silica AWG and obtained demultiplexing (DEMUX) spectra from all 16 channels of Ge PDs at DC bias of À2 V while sweeping the TLD wavelength. DEMUX spectra are shown in Fig. 4(a) . The spectra show a channel spacing of $1.6 nm as designed, and interchannel crosstalk is less than À22 dB. The insertion loss of the AWG at the central wavelength is about 5.1 dB, which includes waveguide propagation loss of $1.8 dB and diffraction loss of $3.3 dB. The fiber-to-waveguide coupling loss is 0.48 dB/facet. The fiber-to-PD responsivity, which is normalized at the input power before the AWG, is 0.29 A/W at the central wavelength. The monolithic integration of the high-performance SiOx AWG with Ge PDs contributes a lower crosstalk and higher responsivity than those in other reports, which are the Si AWG with Ge PDs [6] and the SiN AWG with Ge PDs [8] . Next, we input non-return to zero (NRZ) pseudo-random bit sequence (PRBS) data with pattern length of 2 31 À 1 into the AWG and measured eye diagrams of 16-ch Ge PDs at DC bias of À2 V. We input TE mode light with a sufficiently large power, which was over $0 dBm at the Ge PDs. The eye diagrams of DEMUX photocurrent with 22-Gb/s signal inputs for all channels are shown in Fig. 4(b) . We confirmed that all 16 channels showed clear opening eyes. The AWG-PD chip achieves total system bandwidth of 352 Gb/s. Here, the bit rate was limited to 22 Gb/s by the measurement equipment. Because the bandwidth could be smaller than the bit rate, the Ge PDs whose bandwidth are 20 GHz operate fast enough for 25 Gb/s [17] ; therefore, the total system bandwidth could potentially reach 400 Gb/s.
To confirm the feasibility of the AWG-PD device for practical network applications, we examined long-distance transmission. Fig. 5(a) shows the experimental setup. Continuous-wave infrared light from TLDs was modulated by a lithium-niobate Mach-Zehnder modulator (MZM). The modulation format is simple intensity modulation with 12.5-Gb/s NRZ PRBS data. The word length was 2 31 À 1. The signal bandwidth was restricted to 12.5 Gb/s by our experimental equipment. The modulated optical signal was transmitted through standard single-mode fibers (SSMFs) with dispersion of 17 ps/km/nm at distances of 20, 40, and 60 km. Then, to emulate a real receiver, we introduced a commercial clock-data recovery (CDR) module. The input signal was tapped by a 10-dB coupler and guided into the CDR module. After polarization preparation, the signal was input into the AWG-PD device by butt coupling of a high-NA fiber. The experiment was performed at room temperature without temperature control. The electrical signals from Ge PDs were detected by an oscilloscope (OSC). The signal was also put into an error detector (ED) for bit-error rate (BER) measurement without transimpedance amplifiers (TIAs). The recovered clock was distributed from the CDR module to the OSC and ED. Fig. 4(a) . We confirmed error-free signal transmission up to 40 km. The receiver sensitivity measured at the AWG input was À6.8 dBm for the BER of 10 À9 after 40-km transmission. After 60-km transmission, the BER was increased considerably by waveform distortion due to the dispersion and nonlinearity of the fiber. Taking into account the transmission loss of the AWG, we estimated the sensitivity of the Ge PD on channel 12 to be À13.6 dBm for the 40-km transmission. Although the theoretical sensitivity of the AWG-PD device is À32 dBm, estimated from a shot-and Johnson-noise [17] , the measured sensitivity was restricted by the measurement system, in that there were no TIAs in this chip. We believe the sensitivity will be improved by on-chip integration of TIAs, which, as we reported previously, has been already carried out [11] . Finally, one should note that temperature insensitivity of the silica AWG benefits us and the wavelength channels were stable enough even though these experiments were performed without thermal control.
Conclusion
We reported a Si-Ge-silica monolithic integration platform for telecommunications applications. The monolithic integration process features the low-temperature silica film deposition by ECR CVD to prevent thermal damage to Si/Ge active devices. The monolithically integrated Si and SiOx waveguides showed propagation losses of 2.8 and 0.9 dB/cm, and the inverse-tapered SSCs showed coupling losses of 0.35 dB with TE-mode light. The PDLs of the SiOx waveguide and SSCs are $0.1 dB/cm and $0.04 dB, respectively. We applied the platform to a 22-Gbit/s Â 16-ch AWG-PD device. The Ge PD is designed with the n-Si contact layer at the n-Ge/meal interface for a small RC delay. The stand-alone Ge PD with the Si/SiOx waveguides and the SSC showed a bandwidth of $20 GHz and a responsivity of 1.0 A/W. The polarization dependence of the photocurrent-power amplitude is less than 1.0 dB, which is contributed by the low polarization sensitivities of the SiOx waveguide and the SSC. The integrated AWG-PD device exhibited fiber-to-PD responsivity of 0.29 A/W and inter-channel crosstalk of less than À22 dB and successfully received 22-Gbit/s signal for all 16 channels. In addition, we demonstrated 40-km transmission of 12.5-Gbit/s signal using a fabricated receiver chip, and sensitivity of À6.8 dBm at BER of 10 À9 was obtained. TIA integration on the photonic chip enables us to improve this sensitivity further, and this Si-Ge-silica integration platform provides a dense integrated WDM receiver for future telecommunications applications. 
